This study deals with new opportunities to quantify the phenomena of delamination during the drilling of carbon fiber reinforced polymers (CFRP). The focus lies on determining additional characteristic values to describe the shape of the damage dimensions. Therefore, an algorithm was developed enabling an automatic analysis of delamination by generating an involute of the damage contour. This makes it possible to create two different types of characteristics. The statistical distribution of the delamination around the drilling hole is derived from parameters in analogy to the surface metrology. Apart from that different form factors will be introduced, which are calculated on the bases of the delaminated area or the moments of inertia respectively. The suitability of these characteristics is evaluated by a series of drilling tests in different materials with varying feed rates and tool conditions. M21/T800S, which is a quasi-isotropic UD-laminate, and the woven fabric ECG-Carbon 12K were the main materials compared to each other. The tools used for drilling are twist drills (d = 6.0 mm) with a point angle of 85° and a spiral angle λ of 35° at different states of tool wear. The feed rate was varied from 0.02 mm/rev to 0.1 mm/rev at a cutting speed of 100 m/min.
Introduction
The machining of carbon fiber reinforced polymers (CFRP) is applied in different industrial sections, such as automotive, shipbuilding and aerospace industry. Besides conventional drilling, various manufacturing processes are used for machining of CFRP, such as water jet cutting [1] [2] [3] [4] and laser machining [5] [6] [7] . But mostly, near-net-shape composite structures are machined in common manufacturing processes with defined cutting edge. This especially involves the drilling for the preparation of fastening elements or the trimming of supernatant material caused by the pressing process. During the machining of CFRP high quality standards are guaranteed by specialized tools and clamping systems. In fact, drilling is probably the most common kind of machining in industry [8] . For instance in the field of aerospace engineering there are as many as 40.000 -55.000 holes required to be drilled in the production of one single unit of Airbus A350 aircraft [9] . The drilling of CFRP brings some challenges, such as the exorbitant tool wear and problems related to the specific structure of the laminates [10] [11] [12] [13] . Regarding to this, delamination is seen as the most critical damage during drilling CFRP [10, 12, [14] [15] [16] [17] .
Typical delamination phenomena occurring during drilling are the peel-up delamination at the entrance side and the push-out delamination at the exit side of the drilled hole. At the beginning of the drilling process, the cutting edge of the tool abrades the material until it finally starts cutting. During forward movement, the drill can pull some parts of the material upwards along its twist. As some of the top layers are separated from each other, this effect is called peel-up delamination (Fig. 1a ). During the whole drilling process, the drill always exerts a thrust force on the layers in front of the chisel edge. With the drill progressing into the laminate material, the number of remaining uncut layers decreases. Shortly before the tool exits the material, the force upon the last layers may exceed the interlaminar bond strength and push-out delamination occurs (Fig. 1b) [18] . Push-out delamination [19] The studies concentrate on push-out delamination, because this is considered to have the worst influence on mechanical properties compared to peel-up delamination. Fig. 2a shows a typical damage appearing during drilling a CFRP laminate. On the top layer, predominantly around the drilling hole, delamination and also some overlapping fibers which were not cut accurately, are visible. For a simple description of the damage around the hole, parameters such as the delaminated area A d and the maximum diameter D max including the widest delaminated fiber can be used (Fig. 2b) . A short review of the common delamination factors, calculated on the basis of the parameters seen in Fig. 2b , is given in Table 1 and more detailed elsewhere [19, 20] . Some researchers described the delamination damage with the help of simple parameters for the delamination size, as radius R max or diameter D max [21] (Table 1a) . Others referred to more complex parameters for instance a combination of the sum of diameter and area ratios. Most commonly the ratio of maximum diameter of the damage zone D max to the hole diameter D nom is applied to quantify the damage (Table 1b) [17, [22] [23] [24] [25] [26] [27] [28] . In some cases [29] , the ratio of the delamination area A d to the nominal area A nom of the drilled hole was used (Table 1c ). Different from that Davim and Rubio et al. [30] [31] [32] considered the delamination area A d as well as the diameter D max for their quantification. They combined the parameters for an adjusted and more refined delamination factor F da (Table 1d ). [21] (b) Fd Conventional delamination factor [22] [23] [24] [25] [26] [27] [28] (c) Fa Two-dimensional delamination factor [29] (d) Fda Adjusted delamination factor [30] [31] [32] Various studies were done about the effect of delamination damage on the mechanical properties of the laminate during drilling. The results show a significant reduction of fatigue strength and static strength [33, 34] . Additionally, it is assumed that high feed forces are the main cause for delamination and it has been proven that the resulting delamination damage increases with higher feed rate [35] . So finally the ambition of most researchers is to find options to reduce delamination or to achieve delamination-free drilling by the determination of optimal machining parameters [19, 29] . But in general there are still deficiencies shown in the quantification of damages at the top layers occurring for example during conventional drilling. The delamination factors actually used to evaluate the delamination of drilled holes in CFRP merely deliver absolute values to describe the extension of the delamination. All these characteristic more or less disregard the shape of the damaged area. In this context Fig. 3a shows a schematic picture of two drilled holes with different types of delamination. The delaminated area on the left side is located concentrically around the drilling hole, while on the right side there is an uneven distribution of the degradation. Both of the marked areas deliver the same value for the delaminated area A d and in consequence the same value for the delamination factor F a . This point of view can be transferred on Fig. 3b with regard to the delamination factor F d . The single torn out fiber creates exactly the same value for F d as the concentric delaminated area. A more practical visualization is shown in Fig. 4a and Fig. 4b comparing a single torn out fiber with multiple delamination damages in autoclaved M21/T800S. It must be assumed that the previously described damage phenomena have differing effects on the mechanical toughness of the workpiece. So the purpose of this paper is to deliver alternatives for damage description by considering the shape and extension of the delaminated area as an addition to conventional delamination factors like F d and F a .
Quantification technique and delamination characteristics
Delamination can be detected by different types of measurement systems. As delamination may occur within the CFRP work pieces as well as at the top layers, the analyzing methods range from acoustic emission for online monitoring [36] to ultrasonic C-scan or X-ray chromatography [27, 29, [37] [38] [39] . Mostly used is the visual inspection of the delaminated surfaces by microscopy, as it occurs in the drilling of CFRP. Normally the microscopic pictures are evaluated with a various number of software tools [10, 12, 15, 16, 21, 22, 29, 40] . For this study, there was the need of a simple method to analyze the damages at the top layers of the laminate after drilling. Therefore the dark field microscopy was chosen here. This kind of microscopy is capable to produce highcontrast pictures of the damaged areas, which simplifies the automatic segmentation of the delamination with a self-developed quantification algorithm.
Segmentation and evaluation of the delamination contour
The convenient delamination factors like F d and F a are important und very useful for a fast damage quantification. But as seen in Fig. 3 and Fig. 4 they are not very significant with regard to the shape or the distribution of the delamination. For this reason it is necessary to establish further parameters to complement the actual delamination factors with such information. So at this point, the quantification process, which was used in this study, should be presented: After recording a picture of the drilling hole ( Fig. 5a ) via dark field microscopy, further steps can be applied by a quantification algorithm. Therefore a grey scale comparison is performed to identify all pixel belonging to the delamination contour ( Fig. 5b) . The algorithm sorts out wrongly marked pixels which can be caused by dust on the work piece surface. After the determination of the contour of the drilling hole the algorithm calculates a spline curve based on the previously marked pixels (Fig. 5c ). This curve represents the ordinate values of the delamination, ignoring fibers overlapping into the drilling hole. Additionally the fiber orientation and the work piece orientation have to be defined manually, as they are used for the calculation of form factors (Fig. 5d ). Finally the algorithm creates an involute along the peripheral angle α (Fig. 5e ) from 0° to 360°. In the following chapters this involute will be designated as delamination profile or delamination curve respectively. In general, the delamination curve forms the basis for all quantification methods in this study.
Form factors F q and F Iq
To describe the shape of a delamination, two types of form factors will be introduced in this chapter. Both of them are using the fiber orientation to calculate their characteristic values. As shown in Fig. 6a the form factor F q is calculated by the ratio of the areas A 1 to A 4 which are determined by four quadrants. The quadrants are angled with 45° to the fiber orientation and allow to generate information about the orientation of the delamination: For F q > 1 the main orientation of the delamination is in fiber direction. F q 1 implies a concentric degradation surrounding the drilling hole. And finally, F q < 1 suggests that the delamination is orientated orthogonal to fiber orientation. The latter will occur mainly for woven fabrics, as the fiber orientation of the top layers can be determined in two different ways in this case. The work piece orientation can be used to control the coincidence of the main delamination direction and the top layer orientation. As shown in Fig. 6b the second form factor is calculated by the moments of inertia I z and I y . For this purpose the fiber orientation is defined as Z-axis whereby the Y-axis is oriented in orthogonal direction to Z. In consequence F Iq is the ratio of I y and I z . The values of F Iq can be interpreted in the same way as described for F q . Potential differences of both form factors will be analyzed within the experimental verification of the characteristics. 
Delamination characteristics in analogy with surface metrology
In analogy to surface measurement, the most significant parameters from this sector have been taken into account to adapt them for a statistical description of the delamination profiles. In Table 2 the corresponding roughness characteristics are listed as well as the analogies for application in delamination analyses. The characteristics will be described shortly in the following part and have to be considered with respect to Fig. 7 and Fig. 8 . Table 2 . Characteristics in surface metrology to be assigned for delamination quantification.
Parameters in surface metrology (DIN EN ISO 4287)
Analogies for application in delamination analysis Two of the most known characteristics in surface metrology are the average roughness R a and R q . R a is defined as the arithmetic average of all absolute values in the roughness profile, whereas R q is calculated by the root-mean-square of the ordinate values. Transferring both of them to the application of damage quantification by using a delamination profile (cf. Table 2 ; R a F d,ad ; R q F d,rms ), they are not influenced strongly by single delaminations, but they can provide information about irregularities in the deviation of the delamination curve. As seen in Fig. 7 , for the calculation of the different delamination characteristics the mean line is determined by the arithmetic average of all ordinate values. The difference to this mean line is described as a function Z in dependency of the peripheral angle α. However, F d,ad and F d,rms could be used to build average values, but in consequence they are not affected significantly by single peaks or single torn out fibers respectively. Although F d,rms should be more sensitive to single peaks for mathematical reasons, there are other characteristic values which are more suitable for damage quantification. The skewness R sk and the kurtosis R ku are calculated by using R q powered by three or four respectively. The main attribute of these characteristics is, that they are influenced strongly by peaks and valleys in a roughness profile. In contrast to surface metrology this can be interpreted as an advantage for the damage evaluation. By adapting them to F d,sk and F d,ku for delamination quantification this predominantly qualifies them as delamination characteristics in this specific application. The skewness F d,sk describes the asymmetry of the frequency distribution of the delamination curve. As shown in Fig. 8a , for the equivalent R sk negative values identify surfaces with good load-bearing capability. For the evaluation of a delamination profile this means, that there will be a various number of high plateaus in the delamination curve. F d,sk = 0 indicates an uniform distribution of the single delaminations and for F d,sk > 0 an increasing amount of narrow peaks in the profile can be assumed. As seen in Fig. 8b , the kurtosis F d,ku describes the gradient of the frequency distribution of the delamination curve. For normal distributed delamination curves F d,ku equals 3. Values higher than 3 indicate a high amount of single peaks in the delamination curve, whereas lower values are standing for a more concentric form of delamination.
In summary, for the skewness of the delamination curve the position of the mean line in proportion to the peak of the relative frequency is significant and for the kurtosis the course of the relative frequency itself is the distinctive feature. 
Experimental evaluation

Experimental setup for drilling
The drilling series are carried out using two different CFRP materials: M21/T800S is a multiply laminate and ECG Carbon 12K has been chosen as a woven fabric. For M21/T800S the UD-Prepreg is manufactured by the company Hexcel.The individual plies have a weight per unit area of 268 g/m² and 196 g/m² respectively, each leading to a resin content of 35 % by weight. The CFRP specimens have a quasi-isotropic structure and a symmetrical stacking sequence. The laminates are fabricated in two different ways, which are on the one hand an autoclaving process and on the other hand a heat pressing process. The autoclaved type of material has 24 plies with a total height of 4.6 mm (196 g/m² ; [-45, 90, 45, 0] 3s ) whereas the thickness of the heat pressed material is 4.0 mm with 16 plies (268 g/m² ; [-45, 90, 45, 0] 2s ). The plies of ECG-Carbon 12K are manufactured as basket weave, building up a 20-layer laminate with a fiber orientation of 0/90° and 5.2 mm thickness. The drilling tools used for machining are twist drills (d = 6.0 mm) with a point angle of 85° and a spiral angle λ of 35° at different states of cutting edge rounding, which are r ß1 = 6 μm, r ß2 = 18 μm and r ß3 = 49 μm. The feed rate was varied between f = 0.02 mm/rev and 0.1 mm/rev (cf. Table 3 ). For each combination of feed rate and tool condition, 5-7 holes were drilled. The quantification of the delamination damage was carried out with the analyzing method described in chapter 2.1. The involute of the delamination profile was used to evaluate the parameters and to characterize the delamination damage (cf. Fig. 5e ). 
Application of form factors
Within the machining experiments both of the form factors F q and F Iq have been determined and compared respectively. The main idea of the form factors is to complete the common absolute delamination factors with information about the shape of the damage contour. This idea is represented in Fig. 9 which shows the results of the variation of the feed rate from 0.02 mm/rev to 0.1 mm/rev at drilling ECG-Carbon 12k and M21/T800S heat pressed. The figure demonstrates the relationship between the delamination factor F d and the form factor F q for different types of delamination. Based on the diagram, different aspects of damage quantification can be pointed out. As reported by literature in great detail the extent of delamination is rising clearly with higher feed rates, especially apparent for the heat pressed multiply laminate M21/T800S. In this context the difference to the delamination factors of the woven fabric ECG-Carbon 12k is remarkable. All drilling series shown in the diagram were made with a cutting edge rounding of 18 μm, whereas F d is much lower for the woven fabric as for M21/T800S. Beside the evaluation of the absolute values of F d , Fig. 9 allows a clear interpretation of the correlation between the form factor F q and the shape of the delamination (cf. Fig. 9a-d) . The woven fabric ECG-Carbon 12k causes a concentric form of delamination for all three feed rates (Fig. 9a ). The form factor F q , is approximately 1 for this type of degradation. The different kinds of delamination for M21/T800S heat pressed are represented in Fig. 9b to Fig. 9d . Basically the extent of delamination is in fiber direction for F q > 1 but additionally there is a stepwise increase of the delamination width with higher feed rates. This results in increasing values of F q as well. In chapter 2.2 two different methods have been presented to describe the form of delamination. Therefore Fig. 9 shows the quadrant-based form factor F q using area ratios. Furthermore the moments of inertia allow the calculation of the form factor F Iq by building the quotient of I z and I y (cf. Fig. 6 ). The different factors are compared in Fig. 10 by visualizing the ratio of both factors, whereas a value of F q /F Iq = 1 implies an exact match of the factors. Most of the values correspond with a maximum deviation of ± 8 %. For that reason F q can be considered representative for both calculation methods. While form factors with F q < 1.7 can be associated with concentric types of delamination, which occur for woven fabrics like ECG-Carbon 12k, F q > 1.7 refers to delaminations in fiber direction such as shown by the multiply laminate M21/T800S (autoclaved and heat pressed). Fig. 10b demonstrates the standard deviation of both of the form factors for all drilling series at different states of tool wear. In the diagram there is no conspicuous difference between the deviations of F q and F Iq , whereby both factors can be used without disadvantages to each other. But nevertheless there is a limit for the applicability of the form factors which is apparent in Fig. 10a . Although there is a lower extent of delamination at r β = 18 μm than at r β = 49 μm, the absolute value of the form factors is the highest in all of the investigations. In conclusion as the form factor is used for highly damaged drilling holes, like at r β = 49 μm, it cannot be associated directly with the delamination width. This fact will be examined in the following part with regard to Fig. 11 . The shown diagrams compare the delamination quantification of all three types of material with respect to the shape of the delamination and the tool wear (r β = 6 μm; 18μm ; 49 μm). As already seen in Fig. 9 the woven fabric is characterized by a form factor F q of approximately 1 indicating a concentric shape of degradation around the drilling hole (cf. Fig. 11a und Fig. 11b ). While the delamination factors at r β = 6 μm and r β = 18 μm can be numbered on the same level, F d raises from 107 % to 132 % at r β = 49 μm whereas the form factor F q remains the same value. In each of the diagrams of Fig. 11 there is one type of the multiply laminate M21/T800S presented. It can be noted that the heat pressed material (Fig. 11a ) and the autoclaved material (Fig. 11b) nearly behave in the same way with respect to the quantified delaminations within the applied drilling series. In the diagram both of them show areas with narrow delaminations (F d = 125 %) as well as areas with wide delaminations (F d = 175 %). But as a whole, the form factors of the autoclaved material are slightly higher with regard to the lower states of cutting edge rounding (r β = 6 μm and r β =18 μm). Very noticeable are the areas near F d = 215 % in both of the diagrams. Although the width of the damaged area is increasing (cf. Fig. 9c ), F q is decreasing compared to r β =18 μm. The reason for this discrepancy compared to Fig. 9 is, that very large delaminations cause some damaged areas to extent into additional quadrants, although the damage is orientated still in fiber direction. In the presented investigations this effect occurred exclusively for a cutting edge rounding of r β = 49 μm. So actually these kinds of delaminations are the limiting factor for the applicability of the form factors F q or F Iq respectively.
Statistic evaluation of the delamination contour
The statistical evaluation of the delamination profiles by using the delamination skewness F d,sk and the delamination kurtosis F d,ku will be discussed by the means of selected examples of drilling holes in CFRP. For this reason Fig. 12 shows different types of delamination as well as the corresponding delamination curves and the relative frequency distributions. Fig. 12a presents a drilling hole in ECG-Carbon 12k with very good drilling quality. The delamination factor F d is 105 %, speaking for an almost delamination-free drilling process. More precisely, the quantified damage is caused by slight spalling of the matrix around the drilling hole. The ordinates of the delamination have a standard deviation of ± 0.9 %, which emphasizes the good quality. Regarding the relative frequency distribution of the delamination factors, in first approximation the course of the curve can be compared with a Gaussian distribution. Consequently the delamination skewness F d,sk = 0.49 and the delamination kurtosis F d,ku = 2.72 confirm this result. Fig. 12b shows a delaminated area in ECG-Carbon 12k, which has a concentric distribution around the drilling hole. With F d = 130 % the cutting quality is worse than in Fig. 12a . At the beginning and at the end of the delamination profile there are some peaks visible, but overall the delamination factors are distributed evenly around the mean line of the curve. The delamination values increase to 1.34 for F d,sk or rather 6.26 for F d,ku . Thereby the kurtosis takes into account the peaks occurring in the delamination profile and the skewness is affected by a slight moving of the maximum of the relative frequency distribution, which is now below the mean line. While Fig. 12a and Fig. 12b were representing a woven fabric, Fig. 12c shows the multiply laminate M21/T800S heat pressed. In this figure a typical degradation with two narrow delaminations is presented, both of them in fiber direction. The delamination factor is much higher with F d = 189 % and in the delamination profile two distinctive peaks are evident. Both of them can be associated with one of the two torn out fiber bundles. As a consequence of the two maxima, the skewness is calculated with F d,sk = 2.8 and the kurtosis F d,ku is 11.18. These values directly correlate with the delamination curve, as the maximum of the relative frequency distribution has moved clearly below the arithmetic average of the delamination ordinates. Additionally the very high value of the kurtosis confirms the high gradient of the frequency distribution (F d,ku >> 3), which has been described in Fig. 8 previously. Fig. 12d shows the worst drilling hole quality in this comparison, which was machined in M21/T800S autoclaved. The delamination was quantified with a delamination factor of F d = 284 %. The microscopic picture and the delamination profile point out, that it is indispensable to consider the skewness and the kurtosis with respect to the delamination factor F d . Both of the delamination characteristics (F d,sk = 1.68 ; F d,ku = 5.74 ) are comparable with Fig. 12b , but the absolute extent of damage is strongly differing. Frequency distribution in % With regard to the different states of tool wear known from previous discussions, Fig. 13 gives a résumé about the delamination factor F d and the supporting delamination characteristics F d,sk and F d,ku . As the feed force is increasing proportional to the cutting edge rounding, F d rises with a higher degree of tool wear as well. Comparing the multiply laminates with the woven fabric, the extent of damage is generally higher for M21/T800S. The average values of the skewness and the kurtosis are not significantly affected by higher grades of delamination in ECG-Carbon 12k. This is coincident with the concentric form of the delamination, which is characteristic for this kind of material. Both types of M21/T800S show decreasing values for the skewness and the kurtosis, but in the final analysis the average characteristics are always higher than 0 (F d,sk ) or 3 (F d,ku ) respectively. In conclusion, all delamination profiles are dominated by a various amount of peaks, which are decisive for the relative frequency distribution of the delamination profile. In the course of the drilling experiments a skewness of F d,sk < 0 could not be determined, which implies that this range of values is not relevant for damage quantification in drilling CFRP. At first sight, the high values for kurtosis and skewness in Fig. 13 disagree with the characteristic values of a good drilling quality as shown in Fig. 12a . The explanation for this correlation is given in Fig. 14. The drilling holes in M21/T800S with a cutting edge radius of r β = 6 μm show slight peaks in the delamination profile, which significantly influence the frequency distribution. This speaks for a very high sensitivity of the described delamination characteristics and emphasizes particularly that the asymmetry of the frequency distribution of the delamination curve is the most important factor. 
Conclusions
The presented studies could prove a good applicability of the complementary characteristics for describing the shape of the delamination as well as the statistical distribution of the delamination profile of various drilling holes. In particular the diagram corresponding to Fig. 15 is suitable to evaluate the shape of the delaminated area very well. On the one hand the common absolute delamination factors like F d and F a can be integrated and on the other hand the shape of delamination can be described by the form factors F q or F Iq respectively. Hence, concentric delaminations can be determined and additionaly the preferred direction of delamination can be identified with respect to the fiber orientation. Furthermore the form factors are correlating with the delamination width as far as parts of the delaminated areas in fiber direction are not extending to additional quadrants. Delamination orthogonal to the fiber orientation is included in the form factors although these kind of delaminations occur mainly for woven fabrics. Table 4 . Summary of the quantification of delamination using the delamination kurtosis and the delamination skewness.
Combination of delamination characteristics
Type of delamination Fd ~ 100 % ; Fd,sk ~ 0 ; Fd,ku ~3 High quality drilling hole (cf. Fig. 12a )
Slight increase of Fd, moderate increase of Fd,sk, Fd,ku Concentric delamination (cf. Fig. 12b )
Slight increase of Fd, very high increase for Fd,sk, Fd,ku High quality drilling hole with very small peaks (cf. Fig. 14) High Fd, moderate increase for Fd,sk, Fd,ku Large scale delamination (cf. Fig. 12c )
High Fd, high increase for Fd,sk, Fd,ku Single torn out fiber bundles(cf. Fig. 12d) The description of the delamination profile by analogy with the surface metrology can be used especially to describe irregularities in the delamination profile. The skewness and the kurtosis provide information about the symmetry and the gradient of the relative frequency distribution of the delamination ordinates. Although it is a statistic evaluation method both of the characteristics are capable to give an idea about the form of the delamination. Therefore two assumptions have to be done: Firstly the main direction of the delamination is in fiber orientation and secondly the values have to be considered with respect to a delamination factor. The characteristic values F d,sk and F d,ku are highly sensible for single peaks in the delamination profile, which was shown especially in Fig. 14. In the course of the investigation different types of delamination could be associated with a specific combination of delamination characteristic. These correlations are summed up in Table 4 . In conclusion, delamination can be quantified by different priorities with strongly differing types of characteristic values, whereas the interpretation of the relative frequency distribution is more difficult in comparison to the evaluation of the form factors presented in this study. Occurring rarely for woven fabrics
